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Abstract. The present study aimed to investigate the combined 
effects of Taxol and cyclooxygenase (COX) inhibitors on angio- 
genesis and cell apoptosis of SKOV-3 human ovarian carcinoma 
cell xenograft-bearing mice. The experiments were continued 
for 28 days. Animals were treated with 3 mg/kg SC-560 (a 
COX- 1- selective inhibitor) alone, 100 mg/kg celecoxib (a COX-2 - 
selective inhibitor) alone or SC-560/celecoxib by gavage twice 
a day, 20 mg/kg Taxol alone intraperitoneally once a week or 
in combination with SC-560 or celecoxib or SC-560/celecoxib/ 
Taxol for three weeks. The mRNA levels of vascular endothelial 
growth factor ( VEGF) was determined by reverse transcription- 
polymerase chain reaction (RT-PCR). The microvessel density 
(MVD) of ovarian carcinoma was determined by immunohisto- 
chemistry with anti-CD 34 as the label. The apoptotic index was 
detected by the terminal deoxynucleotidyl transferase-mediated 
deoxyuridine triphosphate nick end labeling (TUNEL) method. 
The MVD value and apoptotic index in the SC-560/Taxol 
group were notably inhibited compared with the Taxol group 
(P<0.001). Moreover, the VEGF mRNA levels, MVD value and 
apoptotic index in the SC-560/Taxol group were significantly 
different from the celecoxib/Taxol group (P<0.05, P<0.05 and 
P<0.001, respectively). The present study demonstrated that 
SC-560 enhances the anti-angiogenic and pro-apoptotic effects 
of Taxol and these effects are better than with celecoxib. 

Introduction 

Ovarian cancer is associated with a high mortality due to the 
absence of effective screening strategies to identify patients 
at high risk or who have already developed early neoplastic 
lesions still amenable to treatment (1). The current management 
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of advanced ovarian cancer includes cytoreductive surgery 
followed by combination chemotherapy; however, the long-term 
survival of ovarian cancer patients remains unsatisfactory (2). 
Despite advances in surgery and chemotherapy, novel treatment 
strategies are required to further benefit patients (3). Taxanes 
are widely used to treat patients with cancer of the lung, breast, 
stomach, endometrium or ovary (4). At present, chemotherapy 
in combination with Taxol is the standard first-line therapy for 
patients with advanced ovarian cancer (5); however, tolerance 
to Taxol in ovarian cancer cells has been observed (6) and the 
mechanisms of resistance are not yet fully understood. 

Subbaramaiah et al observed that taxanes have the ability 
to promote transcription of the cyclooxygenase (COX)-2 gene 
and to stabilize the COX-2 messenger RNA transcript (7). 
Sorokin (8) identified that enforced expression of COX-2 causes 
enhancement in multidrug resistance (MDR) expression and 
functional activity. Therefore, upregulation of COX-2 induced 
by taxanes may attenuate the antitumor effect of taxanes. 
COX-2 is one of the key enzymes that catalyze the rate-limiting 
step in prostaglandin (PG) biosynthesis from arachidonic acid, 
and an elevated expression of COX-2 is associated with tumor 
growth, invasion (9), migration (10), increased stage, reduced 
survival rate (11) and chemoresistance (12) of ovarian cancers. 
A number of studies have demonstrated that COX-2-selective 
inhibitors inhibit the COX enzymes, downregulate the level 
of PGE 2 and decrease the production of vascular endothelial 
growth factor (VEGF) in tumors. Additionally, they have anti- 
angiogenic effects on the neovasculature and attenuate tumor 
growth (9,13). Therefore, early results revealed enhanced 
anticancer activity from the addition of COX-2 inhibitors to 
taxane in non-small cell lung cancer (NSCLC) and human 
endothelial cells by inhibiting PG production and enhancing 
anti-angiogenic effects (14,15). 

COX-1, another key enzyme that catalyzes the rate-limiting 
step in PG biosynthesis from arachidonic acid, is overexpressed 
in ovarian cancer (16) and is considered the dominant pathway 
responsible for generating PGs in epithelial ovarian cancers 
(17). COX-l-selective inhibitors demonstrate potent antitumor 
activity in ovarian tumors by influencing cell proliferation and 
apoptosis and decreasing the production of VEGF in tumors 
(17,18). In our previous study, we observed that a combination of 
COX-1 and COX-2-selective inhibitors have better chemopre- 
ventive properties on ovarian cancer than when administered 
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alone (19). However, no studies have reported on the addition 
of COX-1 inhibitors to taxane on ovarian cancer treatment. 
Consequently, we investigated the effect of combining Taxol 
and COX inhibitors on tumor growth, angiogenesis and apop- 
tosis in a human ovarian cancer xenograft. 

Materials and methods 

Human ovarian tumors in nude mice. SKOV-3 cells were 
used for tumor growth studies in vivo. The SKOV-3 cells were 
purchased from the China Center for Type Culture Collection 
and grown in the recommended media under standard condi- 
tions. SKOV-3 cells were implanted subcutaneously in the 
dorsal skin (2xl0 6 cells) of female athymic nude mice (nu/nu, 
7-8 weeks old). When the tumors became visible (7 days after 
inoculation), the mice were randomly separated into eight 
groups (n=6): control, SC-560, celecoxib, Taxol, SC-560/Taxol, 
celecoxib/Taxol, SC-560/celecoxib and SC-560/celecoxib/Taxol. 
The study was approved by the ethics committee of Nanjing 
Medical University of Hangzhou Hospital, Hangzhou, China. 

Dose and administration time of drugs. COX inhibitors, 
SC-560 (Sigma, St. Louis, MO, USA) and celecoxib (Pfizer, 
Groton, CT, USA) were administered by gavage and Taxol 
(Bristol-Myers Squibb SRL, Italy) was administered by 
intraperitoneal injection in a 0.5 ml suspension of 0.5% meth- 
ylcellulose (Sigma) and 0.025% Tween-20 (Sigma) at a dose 
of 3 mg/kg (SC-560) and 100 mg/kg (celecoxib) twice a 
day and 20 mg/kg (Taxol) once a week. The doses of COX 
inhibitors were selected for their specificity in inhibiting 
COX isotypes (20). In the control group, mice were treated 
with physiological saline under similar conditions. Drugs or 
the vehicle control were administered for a period of 21 days, 
beginning one week after the tumors became palpable. 

Measurement of tumor volume. The tumor dimensions 
were measured twice a week using a linear caliper and 
tumor volume was calculated using the following equation: 
volume (mm 3 ) = a x b 2 /2, where a is the largest diameter and b is 
the smallest diameter (21). The animals were weighed weekly 
throughout the study. On day 28, all mice were sacrificed and 
tumor tissue samples were collected and fixed in 10% phos- 
phate-buffered formalin solution for immunohistology or 
stored at -80°C until analyzed. The tumor tissue samples were 
snap-frozen in liquid nitrogen prior to their storage at -80°C. 

Reverse transcription-polymerase chain reaction (RT-PCR) 
for VEGF mRNA. Total RNA was extracted using TRIzol 
reagents (Invitrogen Life Technologies, Carlsbad, CA, USA), 
according to the manufacturer's instructions. Isolated RNA 
was electrophoresed through 1.0% agarose-formaldehyde gels 
to verify the quality of the RNA. The first strand cDNA was 
generated by reverse transcription. After a sufficient amount of 
cDNA was obtained, we performed PCR amplification using a 
real-time PCR cycler (ABI 7500, Applied Biosystems 
Company, Foster City, CA, USA). VEGF 189, 165 and 121 
were routinely detected in this series of ovarian cancer. The 
sequences of PCR primers were: VEGF 121, 5-ACTCGGAT 
GCCGACACGGGA-3' and 5'-CCTGGCCTTGCTTGCTC 
CCC-3'; VEGF 165, 5'-CCAGGATCCTCTGCCCGCCT-3' 



and 5'-GCGGCTTCCGGCACCTACAG-3'; VEGF 189, 
5 -GGCAAAAGTTGCGAGCCGCC-3' and 5 -TGGATG 
GACCGGGAGCAGGG-3'; (3-actin, 5 -GGGTGACGAGGC 
CCAGAGCA-3' and 5'-GGG GCCACACGCAGCTCATT-3'. 
The amplification system included 50 pA of SYBR-Green mix 
(32.5 p\), ddH 2 0 (14.5 pi), cDNA (2 pi), forward primer (0.5 pi) 
and reverse primer (0.5 pi). The reaction conditions were as 
follows: stage 1, 50°C for 2 min (1 cycle); stage 2, 95°C for 
5 min (1 cycle); stage 3, 95°C for 0.25 min followed by 60°C for 
0.75 min (40 cycles); stage 4, 95°C for 0.25 min, then 60°C for 
1 min and lastly, 95 °C for 0.25 min followed by 60 °C for 
0.25 min (1 cycle). The results of real-time PCR were analyzed 
by the DCt method: ACT = CT sclecled eene - CT p . actin . Relative 
quantitation (RQ) = 2" ACT x 100%. The results of real-time 
PCR were presented as the ratio between the selected genes 
and (3-actin transcripts. 

Immunohistochemistry for MVD. Formalin-fixed 
paraffin-embedded tumor sections (6 pm) were subjected 
to immunostaining using CD 34 antibodies (Santa Cruz 
Biotechnology Inc., Santa Cruz, CA, USA). Sections were 
deparaffinized and hydrated by sequential immersion in 
xylene and grade alcohol solutions. The sections were then 
incubated with 3% hydrogen peroxide in methanol solution 
for 34 min to block endogenous peroxidase activity. For 
antigen retrieval, slides were pressured in the pressure cooker 
for 2x10 min. For CD 34 staining, the sections were immersed 
in normal goat serum for 34 min. Immunohistochemical 
staining was performed using the streptavidin-biotin method. 
Microvessel density (MVD) was evaluated according to the 
method first described by Weidner et al (22). The entire 
tumor section was first carefully scanned at low magnifica- 
tion with light microscopy (magnification, x40) to find the 
area that presented the most intense neovascularization. 
Since the immunohistochemistry of CD 34 demonstrated 
slight heterogeneity within the same tumor, the five most 
highly vascularized areas (hot spots) were selected in x200 
magnification fields. The mean of five counts was calculated 
and used in statistical analyses. 

Terminal deoxynucleotidyl transferase-mediated deoxyuri- 
dine triphosphate (dUTP)-biotin nick end labeling (TUNEL) 
assay. Apoptosis was measured in tissue sections by TUNEL 
assay. TUNEL assay allows easy demonstration of cell death 
as a result of apoptosis. The tissue samples were fixed in 
4% paraformaldehyde for 24 h, dehydrated and embedded in 
paraffin in the conventional manner. The paraffin-embedded 
tissues were cut into 4 ^m-thick sections. Following deparaf- 
finization in a graded alcohol series, the tissue sections were 
covered with 20 pg/ml proteinase K PBS(-) for 15 min at room 
temperature, followed by blocking of endogenous peroxidase 
activity. The samples were then incubated with terminal deoxy- 
nucleotidyl transferase (TdT) enzyme and biotin-16-dUTP in 
TdT buffer containing 0.01% bovine serum albumin for 1.5 h 
at 37°C in a humidity chamber. Biotin-16-dUTP nucleotides 
that had been incorporated into DNA fragments were detected 
using the ABC method with diaminobenzidine (DAB) as the 
chromogen. In each tissue specimen, five high-power fields 
(magnification, x400) were randomly selected. The apoptotic 
index was calculated in these fields as the percentage of posi- 
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Table I. ACt of VEGF in the eight groups. 



Group 


VEGF 121 


VEGF 165 


VEGF 189 


Control 


6.94±0.23 


4.58±0.26 


6.34±0.23 


SC-560 


7.13±0.30 


5.34±0.30 


6.54±0.21 


Celecoxib 


7.10±0.23 


5.19±0.20 


7.99+0.11 


Taxol 


7.87±0.32 


6.28±0.49 


7.79±0.29 


SC-560 + Taxol 


9.14±0.33 


7.00±0.48 


8.99±0.23 


Celecoxib + Taxol 


8. 31 ±0.64 


4.60±0.43 


8.04±0.40 


SC-560 + celecoxib 


8.50±0.22 


5.91±0.21 


8.05±0.25 


SC-560 + celecoxib + Taxol 


8.52±0.35 


7.67±0.24 


8. 81 ±0.45 



Molecular isoforms of VEGF are generated by alternative splicing, rendering proteins containing 189-, 165- and 121-amino acid residues 
VEGF 189, 165 and 121 were routinely detected in this series of ovarian cancer. VEGF, vascular endothelial growth factor. 



tive cells, using the following equation: Apoptotic index = 
(number of positive cells/total number of cells) x 100% (23). 

Statistical analyses. Statistical analysis was performed with 
SPSS software version 17.0 (SPSS Inc., Chicago, IL, USA). 
Statistical significance among the control and drug-treated 
groups on tumor growth was determined by least significant 
difference (LSD) t-test. We used a Tukey's honest significance 
difference (Tukey HSD) test for evaluation of the inhibitory 
activity on tumor cell MVD, VEGF mRNA expression and 
the increase in apoptosis. Correlations between VEGF score 
and MVD were estimated using the Karl Pearson coefficient 
of correlation. All experimental data were expressed as 
mean ± standard error (SE). P<0.05 was considered to indicate 
a statistically significant difference. 

Results 

Inhibition of ovarian cancer growth. To test whether SC-560, 
celecoxib or Taxol inhibits ovarian cancer growth, we used the 
human ovarian carcinoma cell line SKOV-3. The data in Fig. 1 
show the relative effect of SC-560, celecoxib and Taxol treat- 
ment. The whole experiment was continued for 28 days. After 
7 days to allow tumor establishment, mice were treated with 
SC-560, celecoxib and Taxol. The tumor growth increased in the 
control group whereas the growth was substantially suppressed 
in the treatment groups. After three weeks of treatment with 
SC-560, celecoxib or Taxol, a mean tumor volume of 331.72, 
298.85 and 275.59 mm 3 was observed, respectively, while the 
mean tumor volume of the control group was 495.30 mm 3 . At 
the end date of administration, all the treatment groups, with 
the exception of the SC-560 and celecoxib groups, had already 
demonstrated significant inhibitory effects on mean tumor 
volume (P<0.05). Moreover, at the end of the experiment, all 
treatment groups demonstrated notable effects on the inhibition 
of ovarian cancer growth; however, the inhibitory rate in these 
groups had no difference from each other (P>0.05). 

VEGF mRNA expression level. In this study, we measured 
VEGF mRNA levels in xenograft tumors by real-time PCR 
analysis. Three molecular isoforms of VEGF were generated 
by alternative splicing, rendering proteins containing 189, 165 
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Figure 1. Effects of SC-560, celecoxib and Taxol on tumor growth in vivo. 
The effects of SC-560, celecoxib and Taxol on tumor growth were deter- 
mined in an ovarian cancer model using SKOV-3 cells. After 7 days, to allow 
tumor establishment, mice were treated with SC-560, celecoxib and Taxol. 
Treatment was continued for 21 days. Average tumor size in all the drug- 
treated mice was significantly different from vehicle-treated mice at day 17, 
21, 24 and 28. Statistical significance was determined using least significant 
difference (LSD) t-test. "P<0.05; **P<0.01, compared with the control. 



and 121 amino acid residues. Real-time PCR analysis indicated 
the ACT of VEGF in the eight groups (Table I). As shown in 
Fig. 2, although the levels of VEGF mRNA in the SC-560/ 
Taxol and SC-560/celecoxib/Taxol groups demonstrated a 
decreasing tendency when compared with the Taxol group, 
the difference was not statistically significant. However, the 
VEGF mRNA levels in these two groups were significantly 
lower than that in the celecoxib/Taxol group (P<0.05). 

Effect on tumor blood vessels. To evaluate the anti-angiogenic 
therapeutic efficacy of these three drugs, we histologically 
examined the residual tumors. Frozen tumor sections were 
immunohistochemically stained with an endothelial specific 
antibody against CD 34 . Immunohistochemical analysis identi- 
fied a decrease in the number of CD 34 -positive microvessels of 
frozen tumor sections in mice treated with SC-560, celecoxib 
and Taxol. MVD in tumor tissues were reduced from 73.20±0.80 
in the control group to 53.43±2.22, 43.20±0.94, 48.53±1.70 and 
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Figure 2. Effects of the drugs on the expression of VEGF mRNA. mRNA 
levels of VEGF were decreased in the treatment groups. P<0.05; "P<0.01; 
# P<0.001. Error bars indicate standard error. VEGF, vascular endothelial 
growth factor. 
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Figure 3. Effects of SC-560, celecoxib and Taxol on MVD in vivo. MVD 
of control and treatment groups illustrates the profound inhibitory effect of 
SC-560, celecoxib and Taxol on tumors. *P<0.05; "P<0.001. Error bars indi- 
cate standard error. MVD, microvessel density. 
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Figure 4. Correlation between the expressions of MVD and VEGF (r=0.737, 
P<0.05). MVD, microvessel density; VEGF, vascular endothelial growth 
factor. 



39.57±2.03 in the Taxol, SC-560/Taxol, celecoxib/Taxol and 
SC-560/celecoxib/Taxol-treated groups, respectively. The data 
in Fig. 3 show that sections from tumors in all drug-treated 
mice displayed a marked reduction in MVD compared with the 
vehicle-treated mice (P<0.001). In addition, the MVD values in 
the SC-560/Taxol and SC-560/celecoxib/Taxol groups displayed 
a distinguished reduction when compared with Taxol-treated 
mice (P<0.001), which were also significantly lower than that in 
the celecoxib/Taxol group (P<0.05 and P<0.001, respectively). 
However, there was no difference between the SC-560/Taxol 
and SC-560/celecoxib/Taxol groups. 

Correlation between VEGF and MVD. Linear equations 
were created to show the correlation between MVD and 
VEGF (Fig. 4). The analysis revealed a positive correlation 
between the expressions of VEGF mRNA and MVD (correla- 
tion coefficient, r=0.737, P<0.05). 

Effect on tumor cell apoptosis. We assessed cell apoptosis in the 
eight groups by TUNEL assay. Fig. 5A shows six representative 
images of tumor cell apoptosis. The number of apoptotic cells 
was more frequent in tumor sections of the treatment groups 
than in those of the control group. Data for the apoptotic index 
of the eight groups are shown in Fig. 5B. The apoptotic index in 
all drug-treated groups were significantly different to that of the 
control group (33.00±3.22%; P<0.001). The apoptotic indices in 
the SC-560/Taxol (69.50±2.87%) and SC-560/celecoxib/Taxol 
groups (69.67±2.08%) demonstrated a significant increase at the 
end of treatment compared with the Taxol group (51.33+1.26%; 
P<0.001). These were also significantly higher than that in the 
celecoxib/Taxol group (P<0.001). However, the apoptotic index 
between the SC-560/Taxol and SC-560/celecoxib/Taxol groups 
demonstrated no significant difference (P>0.05). 

Discussion 

The main finding in the present study was that SC-560 enhances 
the anti-angiogenic and pro-apoptotic effect of Taxol and these 
effects are better than those observed with celecoxib. 

In this study, the mean tumor volumes in the treatment 
groups were significantly lower than in the vehicle-treated mice 
at the end of treatment. The effects of SC-560 and celecoxib 
administered alone on inhibiting tumor growth were similar 
to that of Taxol. Taxanes are anti-microtubule agents that have 
strong anti-neoplastic effects. It is well known that Taxol is 
deemed to be the standard first-line therapy for patients with 
advanced ovarian cancer (5). A number of studies revealed that 
taxanes upregulate the COX-2 level in tumor cells and enhance 
MDR1 expression and functional activity (7,24); therefore, 
the addition of COX-2 inhibitors to Taxol is widely used for 
antitumor treatment (12,25,26). Sorokin identified that COX-2 
inhibitors decrease the function of MDRl-enhanced accumu- 
lation of chemotherapy agents and decrease the resistance of 
tumors to chemotherapeutic drugs, thus enhancing the anti- 
tumor efficacy of Taxol (8). Furthermore, the combination of a 
COX-2-selective inhibitor and Taxol has been used in phase II 
trials of solid tumor treatment (27-29). However, research on 
Taxol in combination with COX-l-selective inhibitors used for 
the chemotherapy of ovarian cancer has not been conducted. 
COX inhibitors, which are selected based on definitive mecha- 
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Figure 5. Cell apoptosis in xenograft tumors. (A) Immunostaining of cell apoptosis in tumors by TUNEL. The combination of COX selective inhibitor SC-560, 
celecoxib and Taxol accelerates tumor cell apoptosis. (B) The index of cell apoptosis was determined from the ratio of nuclear apoptosis-positive cells/total 
nuclei number. 'P<0.001. Error bars indicate standard error. TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end 
labeling; COX, cyclooxygenase. 



nisms relevant to tumorigenesis, have beneficial applications 
in human cancer chemoprevention trials. The combination of 
COX-1 and COX-2-selective inhibitors performed better anti- 
tumor effects than when administered alone (19,30). In this 
study, we added SC-560 and celecoxib to Taxol. Although the 
mean tumor volumes in the combination groups were signifi- 
cantly different from the vehicle-treated mice, no difference 
was observed between these groups and the Taxol group. This 
may be associated with the difference in dosage, the frequency 
of administration and the length of the experimental time. 
Therefore, this requires further investigation. 

Ovarian cancer growth is angiogenesis-dependent and an 
increased production of angiogenic growth factors, including 
VEGF, is prognostically significant even during the early stages 
of the disease. VEGF is the most important of all the growth 
factors involved in tumor angiogenesis. Strong VEGF expression 
is suggested to play an important role in the tumor progression 
of ovarian carcinoma (31). A line of evidence reveals that levels 
of VEGF have been correlated with tumor response and survival 
rate in malignancies (32,33). In addition, the importance of 
angiogenesis in tumor progression has been highlighted, demon- 
strating that the angiogenic potential of tumors assessed by 
MVD directly correlates with poor prognosis (34). In the present 
study, we analyzed the levels of VEGF mRNA and values of 
MVD to assess the anti-angiogenic effect of these three drugs, 
as well as to observe whether combined administration produces 
better anti-angiogenic effects compared to a single administra- 
tion. Our previous study identified that SC-560 inhibits the 
COX-associated upregulation of VEGF and reduces MVD (35). 
In the present study, the value of MVD in the SC-560/Taxol 
group was significantly different to the Taxol group and the level 
of VEGF mRNA in this group also demonstrated a decreasing 
tendency when compared with the Taxol group. In addition, 
the MVD value and VEGF mRNA level in the SC-560/Taxol 
group were significantly lower than that in the celecoxib/Taxol 
group. A number of studies identified that COX-1, not COX-2, 
mRNA and protein levels are elevated in human ovarian cancers. 
COX-1 is the dominant pathway responsible for generating PGs 



in epithelial ovarian cancers in mice. Additionally, COX-1 may 
contribute to carcinoma development in the ovary through 
stimulation of neovascularization and selective inhibition of 
COX-1, not COX-2, inhibits arachidonic acid-stimulated VEGF 
production (16-18,36). These results suggest that SC-560, when 
combined with Taxol, enhances the anti-angiogenic effect of 
Taxol and that this effect is better than with celecoxib treatment. 

Unrestricted cell proliferation and reduced apoptosis are 
hallmarks of cancer cells (19). Apoptosis is a multistep process 
and an increasing number of genes have been identified to be 
involved in the control or execution of apoptosis (37). Taxanes 
induce an unbalance between microtubule polymerization and 
depolymerization, which finally leads to cell cycle arrest and 
apoptosis (38). COX inhibitors induce apoptosis by inhibiting 
the production of COXs, reducing the PGE 2 levels and changing 
gene expression (39-42). In the present study, the apoptotic 
index in the SC-560/Taxol group was significantly different 
from the Taxol and celecoxib/Taxol groups, which suggests that 
SC-560 has a more pronounced effect on enhancing the pro- 
apoptotic activity of Taxol than celecoxib. This was consistent 
with the result that SC-560 had a greater effect on enhancing 
the anti-angiogenic effect of Taxol than celecoxib. This may be 
associated with the result observed by Gupta et al that COX-1, 
not COX-2, is overexpressed in ovarian cancer (16). 

The present findings demonstrate that the combination of 
SC-560 and Taxol has a better effect on suppressing angiogen- 
esis and promoting cell apoptosis than Taxol alone and these 
effects were better than the combination of celecoxib and Taxol. 
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